Hepatitis C virus (HCV) infects ∼2% of the world's population. It is estimated that there are more than 500,000 new infections annually in Egypt, the country with the highest HCV prevalence. An effective vaccine would help control this expanding global health burden. HCV is highly variable, and an effective vaccine should target conserved T-and B-cell epitopes of the virus. Conserved B-cell epitopes overlapping the CD81 receptor-binding site (CD81bs) on the E2 viral envelope glycoprotein have been reported previously and provide promising vaccine targets. In this study, we isolated 73 human mAbs recognizing five distinct antigenic regions on the virus envelope glycoprotein complex E1E2 from an HCVimmune phage-display antibody library by using an exhaustivepanning strategy. Many of these mAbs were broadly neutralizing. In particular, the mAb AR4A, recognizing a discontinuous epitope outside the CD81bs on the E1E2 complex, has an exceptionally broad neutralizing activity toward diverse HCV genotypes and protects against heterologous HCV challenge in a small animal model. The mAb panel will be useful for the design and development of vaccine candidates to elicit broadly neutralizing antibodies to HCV.
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cross-neutralizing antibody | antigenic determinant | protective determinant | chronic viral infection | virus challenge V irus neutralizing antibodies (NAbs) are potential therapeutics for preventing and treating viral infections and are valuable reagents for studying the antigenicity and function of viral surface proteins. For highly variable viruses such as influenza virus, HIV, and hepatitis C virus (HCV), antibodies that neutralize many different viral strains, known as broadly NAbs, help define conserved elements in the viral envelope spikes for rational vaccine and drug design (1, 2) . The HCV envelope glycoproteins E1 and E2 form a heterodimer for virus attachment and entry and are targets for NAbs (3) . A major challenge in HCV vaccine design is the extreme diversity of the virus. HCV is highly heterogeneous with six major genotypes (>30% overall sequence difference) and more than 50 subtypes (10-25% difference) (4) . HCV genotypes 1, 2, and 3 are found worldwide, and genotypes 1 and 3 are the most widely distributed. Genotype 4 is the predominant genotype in Egypt (5), genotype 5 is found primarily in South Africa, and genotype 6 is widespread in Southeast Asia. The great diversity of HCV-even a single infected individual harbors a large number of quasispecies-is driven by the poor fidelity of RNA polymerase and rapid turnover of the virus. It is estimated that an individual produces as many as 10 12 virions per day (6) . Consequently, any antibody or drug effective against one isolate will not necessarily be useful against other isolates, perhaps not even against different quasispecies in an individual patient.
To overcome the challenge of viral diversity, conserved elements on the virus should be targeted. We, and others, have reported previously that antibodies to the CD81 receptor-binding site (CD81bs) on E2 mediate cross-neutralization of diverse HCV isolates. mAbs AP33 (7) and HCV1 (8) recognize linear epitopes between amino acids 412 and 423 of E2, whereas other mAbs recognize overlapping discontinuous E2 epitopes (9) (10) (11) (12) . A murine mAb H77.39 specific for E2 was isolated recently, and the mAb cross-neutralized HCV genotypes by blocking E2 binding to both CD81 and another HCV entry factor, scavenger receptor class B type I (SR-BI) (13) . Cross-neutralizing mAbs to E1 (linear region 313-327) have also been reported (14) . In addition to mAb studies, human polyclonal antibodies to the E2 linear region 412-426 were also found to neutralize HCV. However, neutralization could be inhibited with polyclonal antibodies to a downstream region, 436-446 (15) . These studies highlight not only the feasibility of targeting HCV conserved epitopes but also the need for greater understanding of the antigenic properties of the E1E2 glycoprotein complex. In the absence of a molecular structure of E1E2, mAbs to diverse antigenic regions (ARs) are valuable tools in studying E1E2 folding and function.
Technological breakthroughs have greatly expedited the process of antibody discovery, which include the first-generation hybridoma generation approach, B-cell immortalization, panning of phage/yeast-display antibody libraries, and, most recently, cloning of antibodies from single antibody-producing cells (16) . Despite many breakthroughs, the fundamental aim in generating mAbs with distinct and useful biological activities remains unchanged. In the case of antiviral antibodies, broadly NAbs are highly desirable, but they are often rare and difficult to isolate, particularly if the corresponding epitopes are poorly immunogenic. To explore the antigenicity of E1E2, we used a strategy termed "exhaustive panning of a phage-display antibody repertoire" to discover rare E1E2-specific mAbs (Fig. S1 ). Under this strategy, an antibody repertoire is interrogated repeatedly by using antigens masked with antibodies isolated from the previous rounds of selection (17, 18) . In each new round of selection, only antibodies with binding properties distinct from the previous rounds are obtained, thus permitting the selection of rare antibodies in the repertoire. The selection process is completed when no new antibody specificity is recovered and that a given antibody repertoire to the panning antigen is exhausted. This strategy has resulted in the isolation of 73 antibodies recognizing five distinct ARs on the HCV E1E2 glycoproteins, with an antibody to AR4 having exceptionally broad neutralizing activity against different HCV genotypes.
Results
We have previously isolated a panel of mAbs recognizing three distinct ARs on E2 (11) . We built on this knowledge and took advantage of phage-display technology to investigate whether there are other conserved neutralizing epitopes on HCV. The same HCV-immune antibody library was panned repeatedly against the E1E2 complex and E1E2 masked by antibodies isolated in the previous rounds of panning. In the panning with E1E2 heterodimer (105 kDa) masked by four IgG molecules (i.e., a total of 600 kDa), none of the bound antibodies was unique (Fig. S1 ). After four independent panning experiments, a total of 73 antibodies (fragment antigen-binding, Fab) to E1E2 were isolated from the antibody repertoire (Table S1 ). The Fab fragments were grouped based on their heavy chain sequences, and 22 Fab groups (Fab groups A-V) resulted from this panning strategy. To confirm that antibodies to new epitopes had been isolated, binding of the new antibodies (Fab groups N-V), either as crude or purified Fab fragments, to E1E2 was evaluated in competition ELISA using antibodies specific for AR1, AR2, or AR3 (Fig. S2A) . The results showed that, except for Fab U1, which competed significantly with AR3-specific antibodies, the new antibodies recognize epitopes distinct from AR1, AR2, and AR3. In addition, the Fab group N cross-reacted with E1E2 derived from the six HCV genotypes (Fig.  S2B) , suggesting that its members may recognize conserved epitopes. To investigate the binding properties of the antibody panel, Fab fragments N4, Q2, and V1 were converted into full-length IgG1 molecules (known as mAbs AR4A, AR4B, and AR5A, respectively) for competition study among the new antibodies. The results show that the new antibodies are segregated into two clusters. Fab fragments N4, O1, P2, Q2, and S1 bind to a cluster of overlapping epitopes, whereas Fab fragments R1 and V1 bind to a different cluster (Table 1) . A significant level of competition (∼50%) is also observed between Fab R1 and mAbs AR4A and AR4B, suggesting that the two antibody clusters are partially overlapping. Consequently, the clusters of overlapping epitopes, i.e., ARs, defined by this antibody panel are named AR4 and AR5 here.
The general properties of the antibodies in binding to E1E2 are summarized in Table 2 , and the results of individual experiments characterizing the antibodies are provided in Fig. 1, Fig. S3 , and Table S2 . All of the mAbs recognize discontinuous epitopes (Fig.  1A) . Although mAb AR3A effectively blocked E1E2 binding to CD81, mAbs AR4A and AR5A did not interfere significantly with the binding (Fig. 1B) . The epitopes were investigated further by comparing the reactivity of the antibodies to the E1E2 complex and soluble E2 (Fig. 1C) . Whereas mAbs AR3A and CBH-7 (19) bind soluble E2, mAbs AR4A and AR5A bind only folded E1E2 complex. In immunoprecipitation experiments, mAbs AR4A and AR5A pulled down the wild-type E1E2 complex but not the E1E2 mutant xN196/305A, which is known not to form significant E1E2 complexes because of the loss of the first and fourth N-glycosylation sites in E1 (20) (Fig. 1D) . Interestingly, the control anti-E1 or anti-E2 mAb pulled down both E1 and E2 of the xN196/305A mutant, indicating that, despite the absence of the AR4A and AR5A epitopes, some of the E1 and E2 glycoproteins were still complexed, presumably via their transmembrane domains (21) . To better characterize the new epitopes, the mAbs were competed with a panel of well-characterized mAbs (Table S2 ). The results demonstrate that AR4A and AR4B epitopes are distinct, whereas AR5A epitope overlaps with that of mAb CBH-7 (19) .
Because the AR4 and AR5 antibodies bind E1E2 but not soluble E2, we initially speculated that they might recognize discontinuous epitopes on E1. However, isolated folded E1 is unavailable, and our attempts to express soluble E1 in mammalian and Drosophila systems resulted only in misfolded aggregates. Consequently, site-directed mutagenesis was applied to identify residues that are important for the formation of AR4 and AR5. Because mAbs AR4A and AR5A do not block E2-CD81 interactions, the panel of CD81bs alanine-scanning mutants constructed by Owsianka et al. would not be sufficient for the mapping (22) . Therefore, we expanded this panel to include additional conserved regions of E1 and E2, excluding the transmembrane domains and cysteine residues. A total of 162 single and double alanine-scanning mutants of E1 and E2 were available for this study. Using this mutant panel, we identified mutations that are specific for mAbs AR4A and AR5A as well as a number of mutations that reduce binding of both mAbs (Table S3 ). The specific residues required for the binding of mAb AR4A and mAb AR5A are E2 residues D698 and R639, respectively. Notably, both D698 and R639 are extremely conserved, accounting for 2,159 and 2,158 of the 2,160 E2 sequences deposited in the Virus Pathogen Database and Analysis Resource (http://www.viprbrc.org), respectively. The E2 D698 residue is located within the membrane proximal external region (MPER), ∼20 residues upstream of the transmembrane domain. For mutations that affect the two nonoverlapping epitopes simultaneously (Y201A, T204A, N205A, D206A, R657A, D658A, and L692A), we speculate that these mutations may have a similar effect as for the xN196/305A double mutations in disrupting E1 folding and/or the formation of E1E2 complex. Further studies are needed to define their roles in E1E2 complex formation. Overall, the mapping data showed that mAb AR5A recognized an epitope on the E1E2 complex, which overlaps with that of the E2-specific mAb CBH-7 (Table S2 ). The previously unknown AR4A epitope is composed partly by the MPER of E2 and locates near AR5 on E1E2, overlapping with a shared epitope defined by Fab R1 ( Table 1) .
The antibodies were evaluated for anti-HCV activity. A panel of 16 HCV pseudotype virus particles (HCVpp) displaying E1E2 from the six major genotypes (23-25) and eight cell culture- Residual binding level: 0-25%, black; 25-50%, dark gray; 50-75%, light gray; >75%, white. Fab fragments N4, Q2, and V1 were converted into fulllength IgGs AR4A, AR4B, and AR5A, respectively. Fab H3 is the Fab fragment of mAb AR3C and is a control for competition with AR3-specific antibodies. produced HCV (HCVcc) expressing genotypes 1-6 of envelope glycoproteins (26) (27) (28) (29) (30) (31) (32) were available for neutralization studies. Table 3 summarizes the results, and the experimental details are provided in Figs. S4 and S5. Notably, the HCV neutralization assays are technically demanding, and many E1E2 genes we evaluated did not produce consistent HCVpp infectivity. To minimize variability between experiments and errors in the calculation of antibody titers attributable to background infectivity in the system, we restricted our in-house neutralization assays to HCVpp having good infectivity [signal-to-noise (S/N) ratio >10], which is particularly important for isolates that produce HCVpp with low infectivity (e.g., U.K.N2b1.1, genotype 2b). The results show that mAb AR4A cross-neutralized all isolates evaluated in the assays, with IC 50 titers ranging from <1 to 38.5 μg/mL in the HCVpp assays and from 0.03 to 8.9 μg/mL in the HCVcc assays. At 90% neutralization level (IC 90 ), mAbs AR3A, AR4A, and AR5A neutralized 38%, 63%, and 17% of the virus panel, respectively. Antibodies that did not neutralize more than 50% or 90% virus infectivity at 50 μg/mL are considered negative in this study. The mAbs inhibit the virus at both pre-and postattachment stages ( Fig. 2A) . The potential synergistic effect on neutralizing activity of an antibody mixture targeting multiple nonoverlapping E1E2 epitopes was also investigated (Fig. S6) . The mAbs were titrated in the combinations of two and three antibodies, and the results demonstrated that a moderate synergism [combination index (CI) between 0.53 and 0.70 at IC 50 ] was achieved in various combinations of mAbs AR3A, AR4A, and AR5A. Next, we studied whether the mAbs could provide protection against HCV infection in vivo. We took advantage of a recently developed mouse model that is rendered susceptible to HCV infection by genetic humanization (33) . Infection of the animals after challenge with recombinant HCVcc expressing Cre recombinase can be measured noninvasively by bioluminescence imaging. The model was used here to evaluate whether the broadly Fig. 1. (A) The AR4-and AR5-specific antibodies recognize discontinuous epitopes on E1E2. E1E2 antigens (isolate H77) were denatured and reduced with SDS and DTT at 100°C for 5 min. Native or reduced/denatured E1E2 was probed with the antibodies at the specified concentrations in ELISA. The murine mAb A4 (47), specific for E1 residues 197-207, was a positive control for reduced/denatured E1. (B) AR4 and AR5 do not overlap with CD81bs on E1E2. The effect of mAbs AR4A and AR5A on the binding of E1E2 to the large extracellular loop of CD81 (CD81-LEL) was studied by ELISA. E1E2 antigens (isolate H77) were preincubated with serially diluted mAbs AR3A, AR4A, or AR5A before being added to ELISA wells coated with CD81-LEL (fused to maltose-binding protein). Bound E1E2 was detected with biotinylated mAbs AR1B, AR2A, AR3A, or murine mAb A4. Note that the epitope recognized by mAb AR3A, but not the other three mAbs, overlaps with E1E2 CD81bs. Therefore, only mAb AR3A significantly inhibited the interaction between E1E2 and CD81-LEL. (C) Binding of mAbs AR3A, AR4A, and AR5A to lectin-captured full-length E1E2 (Left) and E2 with the transmembrane domain truncated (soluble E2; Right). The control antibodies are murine mAb A4, mAbs CBH-7 (19), and AR3A (11), recognizing discontinuous epitopes on E2, and mAb CBH-2, recognizing an epitope on the E1E2 heterodimer (35) . (D) Immunoprecipitation of E1E2 complex by mAbs AR4A and AR5A. The wild-type and xN196/305A mutant E1E2 were pulled down by using mAbs AR4A and AR5A, the anti-E1 mAb IGH526 (14) , the anti-E2 mAb AR3A, the isotype control anti-HIV mAb b6 (11) , and protein A-conjugated agarose. The immunoprecipitants were analyzed by reducing SDS/PAGE and immunoblotting using mAb A4 for E1 (47) and mAb HCV1 for E2 (8) . The amounts of E1 and E2 pulled down by the antibodies were compared with that of mAb AR3A. HC, antibody heavy chain.
neutralizing mAbs AR3A and AR4A could blunt virus infection in vivo. The mouse model was first injected i.p. with single mAbs AR3A or AR4A or an AR3A/AR4A mixture of half the amount of mAbs, then challenged with HCVcc displaying the structural proteins of the genotype 1b Con1 isolate or genotype 2a Jc1 isolate. The results showed that the mAbs inhibited genotypes 1b and 2a virus infection, with mAb AR4A alone having the best antiviral activity (Fig. 2B) . Notably, the mAb mixture did not provide better protection, indicating that the presence of one mAb to the virus did not enhance the antiviral activity of the other mAb in this experimental model.
Discussion
The exhaustive-panning strategy used in this study, which can be easily executed in a standard laboratory setting, facilitates the isolation of rare antibodies with interesting properties. Common to most antibody technologies, antibodies that are relatively abundant in the source materials, regardless of their biological activity, are predominantly isolated during screening procedures. These antibodies pose a major background problem in the isolation of potentially important but rare antibodies. The adaptation of highthroughput functional screens (e.g., virus neutralization assays) helps eliminate such background but requires sophisticated instrumentation support (34) . This panning strategy allowed us to isolate diverse E1E2-specific antibodies using eight different heavy chain variable domain (VH) genes with their third complementarity determining region (HCDR3) lengths ranging from 5 to 25 residues (Table S1 ).
The mAb panel recognized five distinct clusters of epitopes (ARs) on E1E2 ( Fig. S1 and Table 2 ). AR1, AR2, and AR3 have been described previously (11) . AR1 is proximal to the CD81bs and AR3 on E2. However, AR1 is not conserved and probably not exposed on the viral surface because antibodies to AR1 bind only genotype 1a HCV and do not have significant neutralizing activity. AR2 is distal from CD81bs and is exposed on E2 because mAb AR2A can neutralize several HCV isolates. AR3 is conserved and overlaps the CD81bs. Multiple AR3-specific mAbs were found to cross-neutralize isolates of diverse HCV genotypes. AR4 and AR5 are present on the E1E2 complex and adjacent to each other with the Fab R1 epitope sitting in the middle (Table 1) . Although both AR4 and AR5 are found on the E1E2 complex, they are distinct. 
Serial dilutions of mAbs from 50 to below 1 μg/mL were tested for virus neutralization (Figs. S4 and S5 ). The antibody concentrations required for 50% and 90% (in parentheses) neutralization were calculated from the titration curves. -, mAb did not neutralize more than 50% or 90% of virus infectivity at 50 μg/mL. The IC 50 titers of the mAbs are highlighted by color: <1 μg/mL, red; 1-10 μg/mL, yellow; 10-25 μg/mL, green; 25-50 μg/mL, blue. *The panel of HCVpp shown includes HCV Envs that produce a signal at least 10-fold higher than the background signal caused by control pseudotype virus particles without HCV Env.
† None of the mAbs neutralized pseudotype virus particles displaying the vesicular stomatitis virus envelope glycoprotein G (VSVpp), which were used as a control for nonspecific activity. The mAbs AR3A, AR4A, and AR5A neutralize HCV at pre-and postattachment steps. In a standard neutralization assay (Top), HCVpp was incubated with the mAbs before spinoculation onto cell monolayers, and the virus was removed after a 6-h incubation at 37°C. To detect antibody blockage of attachment (Middle), mAbs were incubated with HCVpp before spinoculation onto cells at 8°C for 1 h. Unbound HCVpp was washed with ice-cold media, and virus infectivity was determined as above. To detect antibody neutralization postattachment (Bottom), HCVpp was first spinoculated onto cells, and unbound virus was removed by washing cell monolayers with ice-cold media before antibodies were added to the cells and infectivity was determined after a 3-d incubation. Black bars, mAbs at 50 μg/ mL; white bars, mAbs at 10 μg/mL. (B) Passive antibody protection of a genetically humanized mouse model for HCV infection. Rosa26-Fluc mice (48) (n = 5 for each group) were injected i.p. with 100 mg/kg of mAb AR3A, AR4A, a mixture of half the amount of both mAbs (AR3A/AR4A), or an isotype control IgG1 on days −3 and −2. On day −1, the animals were injected with 10 11 recombinant adenoviral particles encoding human CD81, scavenger receptor class B type I (SR-BI), claudin 1, and occludin, and the animals were challenged with 2 × 10 7 50% tissue culture infectious dose (TCID 50 ) of chimeric HCVcc carrying the structural proteins of the genotype 1b Con1 isolate (BiCRE-Con1/JFH1 virus; Upper) or genotype 2a J6 isolate (BiCREJc1/JFH1 virus; Lower) on day 0. Bioluminescence was detected after 3 d. Data are summarized in box-and-whisker plots, and statistical significance was evaluated by one-way ANOVA (*P < 0.05; **P < 0.01; ***P < 0.001).
AR5 overlaps significantly with an epitope recognized by mAb CBH-7 whose binding does not require E1 (19) (Fig. 1C and Table  S2 ). AR4 does not overlap with the epitopes recognized by mAb CBH-7 and the E1E2-specific mAb CBH-2 (35), and part of AR4 is formed by or critically depends on the MPER of E2, involving the highly conserved D698 residue.
The binding of AR4-and AR5-specific antibodies requires proper folding of the E1E2 complex. The removal of the E1 Nglycosylation sites N196 and N305 had previously been shown to reduce E1E2 complex formation (20) . Here, we showed that these two mutations, and a number of additional mutations at the conserved E1 and E2 regions, disrupt AR4 and AR5 on the E1E2 complex (Table S3 ). It has long been established that the transmembrane domains of E1 and E2 are important for forming the noncovalent complex (21) . However, there is little information on the interaction of the ectodomains of the two glycoproteins. Based on the above results, it is clear that the ectodomains of E1 and E2 also interact and that AR4 and AR5 are formed only when the ectodomains are arranged in the proper quaternary structure. We speculate that some of the mutations are positioned at the interface of the E1 and E2 ectodomains and play a role in stabilizing the complex. The mutations that abolish AR4 and AR5 simultaneously are clustered into three regions, the E1 region 201-206 and the E2 regions 657-659 and 692. If these regions are located at the interface of the E1E2 complex, the folded E1 and E2 heterodimer will likely be orientated in a manner that the N terminus of E1 is associated with the C terminus of the E2 ectodomain.
In the study of virus neutralization (Table 3) , IC 90 titers of the mAbs could not be determined for a number of isolates. A caveat for interpreting neutralization data for HCVpp is that some viruses may produce background infectivity independent of the presence of E1E2. Such background infectivity introduces significant error in the determination of antibody titers, in isolates that have low infectivity. Because we have taken precautions by only using isolates that produce high S/N ratio and by subtracting background infectivity caused by pseudotype virus produced without E1E2, we consider it an unlikely explanation for not achieving 90% neutralization in the experiments. The results likely reflect a limit in antibody potency because 90% neutralization level of HCVpp-H77 was achieved by mAbs AR3A and AR5A when higher antibody concentrations were used (Fig. S6) .
Interestingly, the NAbs inhibited both virus attachment and entry ( Fig. 2A) . Previously, Schwarz et al. showed that mAb AR3A neutralized HCV at a postattachment step by blocking the virus-CD81 interaction (36) . For mAbs AR4A and AR5A, they do not target the CD81bs on E1E2 (Fig. 1B) but epitopes involving the E2 residues D698 and R639, respectively (Table  S3) . Because mAbs AR4A and AR5A neutralized HCV isolates from multiple genotypes in both the HCVpp and HCVcc virus systems, these relatively conserved epitopes are likely exposed on free virus particles. Virus coated with the NAbs will be less capable of binding to receptors on cells because of steric effects. The data also suggest that these epitopes may be important for virus entry and that bound antibodies may interfere with virus interactions with other coreceptors or entry factors (33) or with the reorganization of E1E2 complex required for entry. Notably, the E2 MPER likely forms part of the AR4A epitope. It has been reported that the HCV E2 MPER is important for membrane fusion (37) and that the region 687-703 is predicted to form an amphipathic α-helix partially embedded in lipid membrane (38) . If this prediction is correct, the helical register displaying D698 should be pointing away from the membrane for the binding of mAb AR4A. The HIV-1 MPER was reported to form a helixhinge-helix structure on the viral membrane, and NAbs to this region inhibited the relative movement of the helices required for virus entry (39) . It will be interesting to investigate whether NAbs to the E2 MPER also neutralize the viruses by a similar mechanism and if HCV shares a similar molecular feature in the viral envelope glycoprotein complex for membrane fusion and cell entry.
Sabo et al. recently reported that there are ostensibly cryptic epitopes on HCV similar to those found on other flaviviruses (40) . The authors suggest that the HCV virions are not entirely rigid. Structural dynamics, or "breathing," of the virions under different experimental conditions may expose partially occluded epitopes for some of their NAbs. It is currently unknown whether the HCV envelope glycoprotein complexes are packed in a regular and repetitive manner on the virus surface as in other flaviviruses for which structural dynamics of virion were observed or if they behave more like the virus envelope spikes of HIV-1, distributed sparsely on the virus surface with no evidence of virion breathing (41, 42) . In any case, the AR3A, AR4A, and AR5A epitopes should be presented concurrently on the virus even if there is structural flexibility because the presence of one mAb did not adversely affect the activity of another mAb (Fig. S6) .
Finally, the panel of mAbs and E1E2 mutants described here should provide new opportunities to study the HCV E1E2 glycoprotein complex. Soluble E2 can be expressed and purified independent of E1 for functional studies (43, 44) , and E2 has been suggested to adopt a three-domain fold (44) . It has been difficult to study HCV E1E2 complex because folded E1 and E1E2 cannot be produced as soluble proteins for biochemical analysis. The mAbs AR4A and AR5A can be useful tools for studying E1E2 complex formation because they recognize two distinct quaternary ARs on E1E2 and can neutralize HCV by blocking virus attachment and entry. The current study points to a region on the E1E2 complex involving the MPER of E2 as a target for broad neutralization of HCV. The mAb panel described here will also be useful for probing the antigenicity of E1E2-based HCV vaccine candidates and guide the design of immunogens to elicit cross-NAbs to HCV.
Materials and Methods
Human Anti-HCV Antibodies. The panel of antibodies was generated from an HCV-immune antibody library by phage-display technology using the exhaustive-panning strategy (Fig. S1 ). The HCV-immune antibody library has been constructed previously with mRNA from the bone marrow mononuclear cells of an HCV-infected donor (genotype 1a), and some of the antibodies to AR1, AR2, and AR3 have been described previously (11) . Antibody Fab fragments were expressed in Escherichia coli by using the pComb3H vector and purified with Protein G-conjugated agarose. Selected Fab fragments were converted into full-length IgG1 molecules by inserting the Fab heavy-and light-chain cDNAs into the pIgG1 vector and the antibodies produced in CHO-K1 cells.
Immunological Assays. E1E2 and soluble E2 antigens were produced by transient transfection of 293T cells with expression plasmids encoding the corresponding HCV cDNA. E1E2 antigens were extracted from the cells by mild detergent, and soluble E2 was harvested as cell supernatant. The antigens were captured onto ELISA microwells precoated with Galanthus nivalis lectin for the detection of antigen-specific antibodies. Nonspecific background was detected with untransfected cell supernatant or lysate as antigen.
Virological Assays. Antibody neutralization of HCV was determined by using the HCVcc (26) (27) (28) 32) and HCVpp (23, 24) virus systems. HCVcc was cultured with Huh-7 or Huh-7.5 cells (27) , and the infectious foci were stained with the cross-reactive mAb AR3A or the NS5A-specific mAb 9E10 and the appropriate secondary antibody reagents. Neutralization of HCVcc was determined by the reduction of the number of infectious foci (11, 27) . HCVpp was generated by cotransfection of 293T cells with the pNL4-3.lucR − E − and the corresponding expression plasmids encoding the E1E2 genes by polyethylenimine, and virus infection of Huh-7 cells was detected by using the firefly luciferase assay system (11) . Neutralization of HCVpp was determined by the reduction of luciferase activity in Huh-7 cells infected with HCVpp displaying Env from different isolates (24, 25) . Antibody synergism was calculated based on the median-effect equation using CalcuSyn software (Biosoft) (45, 46).
Antibody Protection Experiment. The genetically humanized mouse model for HCV infection has been described previously (33) . Briefly, Rosa26-Fluc mice containing the firefly luciferase gene, which is transcriptionally repressed by an upstream loxP-flanked STOP cassette, were injected i.v. with recombinant adenoviruses expressing the HCV entry factors human CD81, scavenger receptor class B type I (SR-BI), claudin 1, and occludin. Adenoviral gene delivery resulted in efficient transduction of murine hepatocytes in vivo. The animals were then injected i.v. with recombinant HCVcc expressing Cre recombinase, and infection was monitored by bioluminescence imaging of firefly luciferase activity at 3 d postchallenge. To study passive antibody protection against HCV, the animals were injected with the anti-HCV antibodies at 48 and 24 h before adenovirus infection.
Statistical Analysis. Statistical analysis was performed with GraphPad Prism software. Statistical significance was calculated with one-way ANOVA, and P values below 0.05 were considered significant.
Full methods and the associated references can be found in SI Materials and Methods.
